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Eye movements were recorded during the reading of long words presented in isolation. Overall, the decision to reﬁxate was found
to depend on both length and frequency of the word, while reﬁxation amplitude depended only on word length. This ﬁnding
corroborates the assumption that most reﬁxation saccades are preplanned on the basis of the parafoveal word length. However,
cancellation of such a plan is possible and could be linked to the lexical processing during the ﬁrst ﬁxation into the word. Finally, a
small proportion of reﬁxations are corrective saccades, related to an oculomotor error. Theoretical implications for models of eye
movement control during reading are discussed.
 2004 Elsevier Ltd. All rights reserved.
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During reading, words often receive more than one
ﬁxation. If it is now well known that the probability of
reﬁxating increases with word length, word frequency
and when ﬁrst ﬁxations land far from the word center
(McConkie, Kerr, Reddix, Zola, & Jacobs, 1989; Vitu,
O’Regan, & Mittau, 1990), many questions about the
mechanisms producing reﬁxations on words are still
subject to debate. For instance, when is the decision to
reﬁxate a word taken? What is the target for the reﬁx-
ation saccade? How are its metrics computed? With the
recent development of computational models of eye
movement control during reading, the understanding of
what causes reﬁxation has become a new challenge for
researchers.
Several explanations of what causes a second saccade
on the ﬁxated word have been provided in the literature.
Reﬁxation saccades may be due to oculomotor errors,
the eyes landing on a nonoptimal position on the word.
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only low-level factors aﬀect the decision and the metrics
of reﬁxations. The oculomotor system computes a re-
ﬁxation saccade if the ﬁrst saccade lands far from the
center of the word, the optimal viewing position
(O’Regan, Levy-Schoen, Pynte, & Brugaillere, 1984;
Reilly & O’Regan, 1998). Such a mislocated ﬁrst ﬁxation
generally is of short duration and is followed by a pro-
gressive or regressive corrective saccade directed to the
other part of the word. In other words, the reﬁxation
saccade metrics––direction and amplitude––would be
function of the ﬁrst ﬁxation position. In such a frame-
work, the lexical properties of the word play a minor
role. They may inﬂuence only the duration of the single
ﬁxation or of the second ﬁxation in reﬁxation cases, the
ﬁrst ﬁxation being too short and devoted to the cor-
rective saccade computation.
However, reﬁxation saccades may also be due to
cognitive processing diﬃculty during the ﬁrst ﬁxation.
One argument in favour of the cognitive models relies
on data showing that low-frequency words are more
often reﬁxated than high-frequency words (Rayner,
Sereno, & Raney, 1996; Vitu, 1991). One of the most
recent cognitive models is the E–Z Reader model which
assumes that word recognition and saccade program-
ming are both the results of two stages (Reichle, Poll-
atsek, Fisher, & Rayner, 1998). In the latest version of
the model, the authors propose that the probability of
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length of the word that is to be ﬁxated (Reichle, Rayner,
& Pollatsek, in press). The labile program of reﬁxation is
then initiated as soon as the eyes land in the word and as
a function of the speed of the ﬁrst stage of lexical pro-
cessing, the program can be either cancelled and re-
placed by a saccade landing on the next word or
executed. A frequency eﬀect is expected on reﬁxation
probability when there is cancellation or on the ﬁrst
ﬁxation duration in reﬁxation cases when reﬁxations are
executed. In its current version, the E–Z Reader model
does not provide any information about the metrics of
the reﬁxation saccade but simply assumes that the center
of the word is the target for all saccades on the word
(Reichle, Rayner, & Pollatsek, 1999). However, recent
evidence suggests that the internal structure of long
words inﬂuences where a reﬁxation is directed (Bertram
& Hy€on€a, 2003; Pollatsek, Hy€on€a, & Bertram, 2000;
Pynte, 1996).
Although the oculomotor and cognitive models diﬀer
on their explanation of the reﬁxation saccade occur-
rence, they share several assumptions: in both types of
model, the decision to initiate a reﬁxation is taken
during the ﬁrst ﬁxation and the metrics of inter-word
and reﬁxation saccades are assumed to be identical
(Radach & McConkie, 1998). Recent studies using iso-
lated word or letter-string reading argue for an alter-
native view in which the reﬁxation saccade may be
preplanned before the word is ﬁxated (Beauvillain,
Vergilino, & Dukic, 2000; Vergilino & Beauvillain, 2000,
2001; Vergilino-Perez & Beauvillain, in press). In 2001,
Vergilino and Beauvillain examined the planning of a
sequence of two saccades directed to two short words (a
5-letter word followed by a 4-letter or a 6-letter words)
or a single long word (9 or 11 letters). By looking at the
relationship between ﬁrst and second ﬁxation position,
the authors demonstrate diﬀerent coding for inter-word
and reﬁxation saccades (Vergilino & Beauvillain, 2001).
Whereas the inter-word saccade is found to be directed
to a spatial location within the newly selected word, the
reﬁxation saccade can be described as a constant motor
vector applied irrespective of the initial landing position
on the word. Even when eye movement contingent
changes were introduced during the ﬁrst ﬁxation, i.e.
disappearance or displacement of the target word by one
or two characters during the ﬁrst saccade directed to it,
the reﬁxation ﬁxed-motor vector is still applied without
any correction of errors on the initial landing position
(Beauvillain et al., 2000; Vergilino & Beauvillain, 2001).
A second argument for the reﬁxation saccade preplan-
ning hypothesis comes from an experiment in which the
length of a target letter string was changed during
the ﬁrst saccade directed to it or at diﬀerent times during
the ﬁrst ﬁxation on it (Vergilino & Beauvillain, 2000).
Indeed, any inﬂuence of the initial length presented only
in periphery should support the idea that the reﬁxationsaccade was preplanned. The authors found that the
reﬁxation saccade was computed on the initial length
encoded only in periphery, even if the saccade could be
updated on the ﬁnal length if ﬁrst ﬁxation was long
enough. Such results argue strongly in favour of a pre-
planning of the reﬁxation saccade at the same time as
the initial saccade.
However, the authors also show that the saccadic
system is ﬂexible, even if the decision to reﬁxate and the
computation of the metrics of the reﬁxation saccade
may both be planned before the word is ﬁxated. Nota-
bly, whereas an artiﬁcial error does not involve a cor-
rection of the reﬁxation saccade preprogram, the length
change occurring during the ﬁrst ﬁxation permits a
modiﬁcation of the reﬁxation program if the new
information is provided suﬃciently early, 150–200 ms
before the end of the ﬁrst ﬁxation (Vergilino & Beau-
villain, 2000). On the other hand, the cancellation of the
reﬁxation program followed by a planning of a saccade
directed to another item requires more than 220 ms
(Vergilino-Perez & Beauvillain, in press).
These experiments provide evidence that the planning
of the reﬁxation saccade can be modiﬁed or cancelled to
take into account low-level properties such as word
length. The question arises as to whether linguistic
variables such as word frequency can inﬂuence the
metrics of reﬁxation saccades. The goal of the present
study is to provide a detailed description of the reﬁx-
ation saccade metrics by manipulating word length and
frequency. We examine this question by using a para-
digm in which subjects had to read high- and low-fre-
quency words of 8-, 10- and 12-letters. Words were
presented in isolation in order to hold constant both the
launch site and the foveal processing before landing into
the target word. Our data argue in favour of the
hypothesis that the decision to reﬁxate and the compu-
tation of the metrics of the reﬁxation saccade may both
be planned before the word is ﬁxated. We show that
reﬁxation saccade amplitude is calculated on the basis of
the word length and is not aﬀected by word frequency.
However, the decision to execute the reﬁxation saccade
program can be cancelled during the ﬁrst ﬁxation due to
lexical processing. Finally, we propose that the pre-
planning of the reﬁxation includes not only the com-
putation of the reﬁxation saccade amplitude as a
function of the word length but also of the initial
landing position close to the word beginning.2. Method
2.1. Participants
Eight 3rd- and 4th-year psychology students at the
University of Rene Descartes Paris 5 participated in the
experiment. All were skilled readers, native speakers of
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Fig. 1. Procedure employed in the experiment.
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purpose of the experiment.
2.2. Material and design
Sixty six 8-, 10- and 12-letter target words were
chosen. For each length, 33 were low-frequency words
(LF) and 33 high-frequency (HF) words. Word fre-
quencies were calculated using the 38 million-word
Tresor de la Langue Francaise corpus (1971). The 8-, 10-
and 12-letter HF words had a mean frequency of 2718,
2457 and 1487 (ranges: 556–23,591; 548–19,792; 519–
5667), and the 8-, 10- and 12-letter LF words had a
mean frequency of 15, 10 and 11 (ranges: 1–76, 1–31, 1–
53). The members of a sextuple were matched on their
initial trigram that was not informative. The total
number of words listed in the TLF corpus that began
with a given trigram was high and identical for the six
types of target words (mean of 501, range: 73–1062). In
addition, the degree of orthographic regularity was
controlled so that target words contained bigrams with
high positional frequency, indexed by the number of
words (over the 8186, 6492 and 3206 French 8-, 10- and
12-letter words) that shared a bigram at the same loca-
tion. The mean positional frequencies were of 165
(range: 45–538) for the 8-letter words, 300 (range: 110–
631) for the 10-letter words and 230 (range: 94–561) for
the 12-letter words. Ninety ﬁller words were added to
the experimental list in order to prevent the learning of a
regular sequence of saccades. They had the same char-
acteristics (3 lengths and 2 frequency categories) as
experimental words. Unlike the target word set, they
were not matched on their initial trigram. The 198
experimental words and the 90 ﬁllers were presented
mixed in one session. Sixty practice trials, with charac-
teristics similar to the experimental list, were presented
at the beginning of the experiment. The large number of
practice trials is due to the fact that subjects were
unfamiliar with the eye tracking procedure before par-
ticipating in the experiment. They were tested just one
time a few days before the experimental session, in order
to familiarize themselves with the calibration and pro-
cedure.
2.3. Apparatus
The stimuli were presented on a Hewlett Packard
1310A CRT (P15 phosphor) display interfaced with a
fast graphic system providing a frame frequency of 1000
Hz. Eye movements were monitored by using a Bouis
Oculomotor system, with an absolute resolution of 6
min of arc and a linear output over 12 of angle.
Complete details of the eye movement recording appa-
ratus, calibration procedure and numerical data pro-
cessing can be found in Beauvillain and Beauvillain
(1995). The words were displayed as green letters, inlower case, on a black background. The font was spe-
cially created such that each letter occupied the same
space (matrix of 36 · 70 pixels for each letter), so that
there was a direct mapping from letter position to retinal
eccentricity. Two characters subtended one degree of
visual angle. Viewing was binocular but only the
movements of the right eye were monitored. Signal from
the oculomoter was sampled every 2 ms.
2.4. Procedure
Participants sat in an adjustable chair and their head
was stabilized with a submaxillar dental print and a
forehead rest. A calibration of the eye-tracking system
began the session, in which subjects were required to
sequentially ﬁxate ﬁve positions along a horizontal line
12 long. Calibration accuracy was checked at the
beginning and the end of each experimental trial by
means of a ﬁxation bar 6 to the left and to the right of
the screen center. As seen on Fig. 1, the sequence of
events for the 198 experimental trials was as follows:
subjects had to ﬁxate a calibration bar displayed 6 left
of the center of the screen.
If the recorded ﬁxation was accurate, the bar was
replaced by the stimuli consisting of a ﬁxation cross
displayed 6 left of the center of the screen followed by
the target word displayed at an eccentricity of 1.5 (3
character-spaces) from the ﬁxation cross and three
crosses displayed at 1.5 (3 character-spaces) from the
end of the target word. Subjects read the target word
and then moved their eyes to the three crosses. When the
eyes crossed an invisible boundary placed between the
word and the crosses, the target word disappeared and
the three crosses were replaced by a comparison word,
its ﬁrst letter occupying the position of the ﬁrst of the
three crosses. On each trial, subjects had to perform a
semantic judgment task between the target and the
comparison word. The nature of the semantic judgment
task was to decide whether the ﬁrst target word and the
second comparison word during a trial were semanti-
cally related, i.e. if they presented a relation of prox-
imity, synonymy or antonymy (e.g. compliment/ﬂatterie/
louange/critique) or no relation (e.g. compliment/bu-
reau). No speed instructions were given to the subject
for this task. The subjects responded by pressing one of
two buttons. The button press resulted in the display of
2012 D. Vergilino-Perez et al. / Vision Research 44 (2004) 2009–2017the calibration bar 6 to right of the screen center. A
successful accuracy check led to the onset of the next
trial. For the 90 ﬁllers trials, the procedure was the same
except that the words were displayed 3 (6 character-
spaces) to the right of the ﬁxation cross. The crosses and
then the comparison word were still displayed 1.5 from
the end of the ﬁller word.0.00
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Fig. 2. First saccade landing position distributions in single (dashed
lines) and reﬁxation (full lines) cases for each word length.3. Results
Sixteen percent of the data were excluded from the
analyses for the following reasons: lack of accuracy in
the eye position measurement, blinks, or trials in which
subjects made a regressive saccade or more than two
ﬁxations. Subsequent analyses were performed on the
remaining trials including single ﬁxation and reﬁxation
cases. As expected, the easy semantic judgment task led
to a very high rate of correct responses (98%). For each
dependant variable, a 2 (frequency, high vs. low) · 3
(length, 8 vs. 10 vs. 12) · 2 (number of ﬁxations, single
vs. reﬁxation cases) analysis of variance was carried out.
3.1. Initial landing positions
As usually observed, the landing positions of ﬁrst
saccades were located between the beginning and the
center of the word (Table 1). In both single and two
ﬁxation cases, word frequency did not aﬀect landing
position, and did not interact with word length (F s < 1).
Word length aﬀected initial landing positions that were
further into 12- than 10- and than 8-letter words
(F ð2; 14Þ ¼ 18:06, p < 0:0001 and F ð2; 14Þ ¼ 24:10,
p < 0:0001 respectively).
Interestingly, means of ﬁrst saccade landing positions
were diﬀerent in single ﬁxation and reﬁxation cases (4.3
vs. 3.5; F ð1; 7Þ ¼ 45:98, p < 0:0003), in a similar way for
the three word lengths and two word frequencies (no
interaction was signiﬁcant). In agreement with this glo-
bal analysis, the distribution of landing positions for theTable 1
Landing position and ﬁxation duration means for single-ﬁxation cases, reﬁx
ﬁrst ﬁxation duration and second ﬁxation duration means for reﬁxation cas
8-letter 10-l
HF LF HF
Single-ﬁxation cases
Landing position 4.0 (0.42) 3.9 (0.58) 4.4
Fixation duration 353 (55) 388 (81) 367
Reﬁxation cases
Probability 0.18 (0.15) 0.25 (0.12) 0.35
First ﬁxation position 3.0 (1.05) 3.2 (0.58) 3.5
Reﬁxation amplitude 3.7 (0.66) 3.5 (0.42) 4.2
First ﬁxation duration 232 (72) 261 (82) 247
Second ﬁxation duration 256 (99) 271 (98) 267
Standard deviations in parentheses.reﬁxation cases showed a clear leftward shift relative to
single-ﬁxation cases (Fig. 2). As no eﬀect of word fre-
quency and no interaction with other factors are ob-
served for these variables, data are collapsed across
word frequency. A common interpretation of such a
leftward shift relies on the assumption that reﬁxations
are planned to correct a mislocated ﬁrst ﬁxation posi-
tion. However, an alternative explanation based on the
preplanned reﬁxation hypothesis may be given. If one
admits that the saccadic system preplanned a sequence
of two saccades to read a long word, one could rea-
sonably predict diﬀerent landing sites of the ﬁrst saccade
between single and reﬁxation cases. Indeed, the pre-
planning of reﬁxation saccades could include not only
the computation of the motor vector which corresponds
to the reﬁxation saccade amplitude but also the com-
putation of an initial landing position close to the word
beginning from which the motor vector should be ap-
plied. On the other hand, the planning of only one
saccade directed to the word implies an initial landing
position close to the word center in order to recognize
the word within one ﬁxation. So, the diﬀerence in initial
landing positions could be the consequence rather than
the cause of the preplanning of reﬁxation saccades.ation probability, ﬁrst ﬁxation position, reﬁxation saccade amplitude,
es as a function of word length and frequency
etter 12-letter
LF HF LF
(0.61) 4.5 (0.68) 4.7 (0.84) 4.7 (0.60)
(64) 387 (70) 367 (61) 376 (37)
(0.16) 0.46 (0.21) 0.50 (0.13) 0.60 (0.14)
(0.61) 3.5 (0.68) 3.9 (0.69) 3.9 (0.87)
(0.62) 4.1 (0.75) 4.9 (0.58) 4.9 (0.68)
(55) 270 (82) 246 (60) 275 (72)
(64) 306 (78) 261 (59) 319 (72)
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As seen in Table 1, there was a frequency eﬀect on
single ﬁxation duration: LF words were ﬁxated longer
than HF words (diﬀerence of 21 ms; F ð1; 7Þ ¼ 8:38,
p < 0:02), but neither the main eﬀect of length (F < 1)
nor the interaction were signiﬁcant (F ð2; 14Þ ¼ 1:47,
p < 0:27). Replicating numerous studies using a text
reading situation, single ﬁxations were longer than the
ﬁrst of two ﬁxations when the word was reﬁxated,
(F ð1; 7Þ ¼ 32:99, p < 0:0008). In reﬁxation cases, there
was no signiﬁcant diﬀerence between the duration of the
ﬁrst and the second ﬁxation (F ð1; 7Þ ¼ 1:06, p < 0:34)
and no interaction with word length (F < 1). A fre-
quency eﬀect was observed on ﬁrst ﬁxation duration
(diﬀerence of 27 ms; F ð1; 7Þ ¼ 6:49, p < 0:04), second
ﬁxation duration (diﬀerence of 27 ms; F ð1; 7Þ ¼ 10:53,
p < 0:02), and gaze duration (diﬀerence of 46 ms;
F ð1; 7Þ ¼ 10:61, p < 0:02). Neither a length eﬀect nor an
interaction between the two factors were found for any
measure (F s < 1).3.3. Reﬁxation probability
As seen in Table 1, both length and frequency aﬀected
reﬁxation probability, (F ð2; 14Þ ¼ 25:59, p < 0:0001 and
F ð1; 7Þ ¼ 22:86, p < 0:002 respectively). Clearly, the 12-
letter words were reﬁxated more often (55%) than the
10- (40.5%) and the 8-letter words (21.5%). In addition,
HF words received fewer reﬁxations than LF words
(diﬀerence of 9.5%). The length · frequency interaction
was not signiﬁcant (F < 1). Fig. 3 shows reﬁxation
probability as a function of the landing position in the
word.
As already observed (McConkie et al., 1989), reﬁx-
ation probability decreases when the eyes land near the
center of the target word, whatever the word type. This
relation is coherent with the diﬀerent landing position
distributions between single and reﬁxation cases men-0.00
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Fig. 3. Proportion of reﬁxations as a function of the initial landing
position calculated from the word center for each word length and
frequency.tioned above. Interestingly, the eﬀects of both length
and frequency were observed for the majority of landing
positions.
The word frequency eﬀect on reﬁxation probability is
generally explained as a decision to reﬁxate due to dif-
ﬁculties in word processing. However, this interpreta-
tion cannot ﬁt with the diﬀerence in initial landing
position between single and reﬁxation cases. The left
part of the distribution of landing positions in reﬁxation
cases could reﬂect the population of corrective reﬁxation
saccades due to a mislocated initial position, and the
right part of the distribution the population of the re-
ﬁxation saccades due to the diﬃculty of word process-
ing. According to this simple explanation, one would
expect that word frequency aﬀects reﬁxation probability
only when the eye lands on a position near the word
center. Such a relation was neither suggested here in Fig.
3, nor in previous work (McConkie et al., 1989, Figs. 5
& 7; Radach & McConkie, 1998, Fig. 4). To further
examine this hypothesis, we split the individual distri-
bution of reﬁxation probability in half as a function of
the initial position in order to conduct an analysis
of variance with landing position as a main factor. Of
course, main eﬀects of initial landing position and word
length were signiﬁcant (F ð1; 7Þ ¼ 41:72, p < 0:0004 and
F ð2; 14Þ ¼ 13:71, p < 0:0005 respectively). Interestingly,
the analysis revealed a main eﬀect of word frequency
(F ð1; 7Þ ¼ 11:42, p < 0:01) that did not interact with
landing position (F < 1). No other interaction was sig-
niﬁcant (F s < 1). These results, combined with the dif-
ference between landing positions, ruled out the idea
that the decision to reﬁxate is taken during the ﬁrst
ﬁxation. Alternatively, we propose that most reﬁxation
saccades are preplanned––on the basis of the parafoveal
word length––and are sometimes cancelled in case of
successful lexical processing during the ﬁrst ﬁxation on a
high-frequency word.3.4. Reﬁxation saccade metrics
The amplitude of the reﬁxation saccade clearly de-
pended on word length, (F ð2; 14Þ ¼ 25:89, p < 0:0001).0.00
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Fig. 4. Reﬁxation saccade amplitude distributions for each word
length and frequency.
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crease in saccade amplitude of around 0.7 letter spaces
(Table 1). Word frequency did not have any eﬀect on the
amplitude of the reﬁxation saccade, (F ð1; 7Þ ¼ 2:54, ns)
and did not interact with length (F < 1). Distributions
of reﬁxation amplitude corroborate the mean analyses
(Fig. 4).
The slope of the linear regression between ﬁrst and
second ﬁxation positions was close to 1, which shows
that the eyes are sent a particular distance further into
the word, regardless of the initial ﬁxation position (Fig.
5). Indeed, if the eyes aimed for a precise location such
as the center of the word, a slope of 0 should be expected
between ﬁrst and second ﬁxation positions. Alterna-
tively, if the eyes aimed for the center of gravity of the
spatial conﬁguration between the ﬁrst ﬁxation position
and the end of the word, we would ﬁnd a slope of 0.5.
The slope close to 1 is evidence that the reﬁxation sac-
cade is coded as a motor vector of ﬁxed amplitude ap-
plied irrespective of the ﬁrst ﬁxation position on the
word. 1
The b parameter indicates that the ﬁxed vector is
coded relative to the word length: amplitude and length
increased together. More interestingly, we found a very
similar relationship for high- and low-frequency words.
Again, the slope is close to 1 for each word length
regardless of the word frequency. This indicates that the
word frequency does not modulate the reﬁxation sac-
cade amplitude. These ﬁrst results replicating Vergilino
and Beauvillain (2000, 2001) suggest that the reﬁxation1 It is interesting to note that we observed a range eﬀect (Kapoula,
1985) on the landing position of the ﬁrst saccade directed to target or
ﬁllers words. Indeed, the mean ﬁrst saccade landing position in ﬁllers
was nearer to the word beginning than in target words (about 1.5
character-spaces). However, despite this range eﬀect, the reﬁxation
saccades directed within the ﬁllers were still coded as a ﬁxed-motor
vector depending on the word length and applied irrespective of the
ﬁrst ﬁxation position.saccade is preplanned before the word is ﬁxated and
simply applied during the ﬁrst ﬁxation without any
inﬂuence of word frequency. Does that mean that re-
ﬁxation saccades could not be planned during the ﬁrst
ﬁxation? In our data, the ﬁrst ﬁxation distribution
clearly presents bimodality (Fig. 6a) with two groups of
data below (24%) and above 200 ms. Post-hoc analyses
revealed that ﬁxations shorter than 200 ms are followed
by reﬁxation saccades that present diﬀerent character-
istics from the global pattern described above. A 2
(frequency, high vs. low) · 3 (length, 8 vs. 10 vs. 12) _ 2
(ﬁrst ﬁxation duration, short vs. long cases) analysis of
variance was carried out for ﬁrst and second ﬁxation
positions and reﬁxation amplitudes. As no eﬀect of word
frequency and no interaction with other factors were
observed for these variables, data are collapsed across
word frequency.
The examination of the distribution of reﬁxation
saccade amplitude (Fig. 6b, lower panel) suggests that
diﬀerent mechanisms underlie the planning of reﬁxation
saccades triggered after short and long ﬁrst ﬁxation
durations. Indeed, reﬁxation saccades triggered during
the ﬁrst 200 ms of the initial ﬁxation are not aﬀected by
the word length and are shorter than the ones triggered
later. The analysis of variance performed on mean re-
ﬁxation amplitude revealed a main eﬀect of length
(F ð2; 14Þ ¼ 14:18, p < 0:0004) and an interaction with
the ﬁrst ﬁxation duration (F ð2; 14Þ ¼ 12:06, p < 0:0009).
This indicates that whereas the amplitude of saccades
following long ﬁrst ﬁxation durations was aﬀected by
length (8-L: 3.7; 10-L: 4.5; 12-L: 5.2; F ð2; 14Þ ¼ 23:22,
p < 0:0001), the amplitude of saccades following short
ﬁxation durations was not (8-L: 3.9; 10-L: 4.0; 12-L: 4.3;
F ð2; 14Þ ¼ 2:48, p < 0:12). Moreover, reﬁxation sac-
cades triggered early had shorter amplitudes than the
ones triggered later in 10-letter words (F ð1; 7Þ ¼ 4:98,
p < 0:05), 12-letter words (F ð1; 7Þ ¼ 8:79, p < 0:02) but
not in 8-letter words (F ð1; 7Þ ¼ 1:91, p < 0:20). These
results suggest diﬀerent metrics for reﬁxations executed
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Fig. 6. (a) First ﬁxation duration distribution for high- and low-frequency words, collapsed across all lengths. (b) Distributions of ﬁrst ﬁxation
position (full marks), second ﬁxation position (empty marks) and reﬁxation amplitude for saccades following short (<200 ms) and long (>200 ms)
ﬁrst ﬁxation durations for each word length.
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executed later. Interestingly, these diﬀerent metrics are
also linked to initial landing positions and reﬁxation
positions clearly shifted to the left for reﬁxation sac-
cades triggered early. Indeed, ﬁrst ﬁxation positions are
closer to the beginning of the word and second ﬁxation
positions closer to the center of the word for short
compared to long ﬁrst ﬁxation duration (Fig. 6b, upper
panel). The analyses of variance performed on the mean
ﬁrst and second ﬁxation positions conﬁrmed a main
eﬀect of the duration of ﬁrst ﬁxation on both measures
(F ð1; 7Þ ¼ 21:88, p < 0:002 and F ð1; 7Þ ¼ 62:45, p <
0:0001 respectively).
In summary, this analysis reveals that even if a great
majority of reﬁxation saccades are preplanned before
the word is ﬁxated, a certain proportion of reﬁxation
saccades can be seen as corrective saccades, triggered
quickly in order to correct a mislocated initial landing
position.4. General discussion
Our results shed light on the relative inﬂuence of
oculomotor and lexical factors in the planning of reﬁx-
ation saccades. We provide further evidence that visual
and oculomotor factors are the primary determinant in
the decision to reﬁxate a long word and in the compu-
tation of the metrics of the reﬁxation saccade. Lexical
factors play only a relatively minor role in these diﬀerent
aspects of eye movement control in reading. Consistent
with previous reading studies, we found that reﬁxation
probability is related to word length (McConkie et al.,
1989), word frequency (Inhoﬀ & Rayner, 1986; Vitu,
1991) and ﬁrst saccade landing position (e.g. O’Regan
et al., 1984). However, we reconsider these data in light
of our results on reﬁxation saccade amplitude. As
demonstrated recently by Vergilino and Beauvillain
(2000, 2001) and Beauvillain et al. (2000), we found here
that the reﬁxation saccade amplitude depends mainly on
2 We are grateful to G.E. Legge for suggesting this interpretation.
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the word. Furthermore, even if word frequency modu-
lates the decision to reﬁxate, it does not aﬀect the
amplitude of the reﬁxation saccade. Finally, the initial
ﬁxation is nearer to the word beginning and its duration
shorter in reﬁxation cases than in single-ﬁxation cases.
The strategy-tactics model assumes that reﬁxations
are the consequence of oculomotor error in word tar-
geting that increases with word length (O’Regan, 1990).
Such a model explains the eﬀects of length and landing
position observed here on reﬁxation probability as well
as the diﬀerent ﬁrst ﬁxation positions and durations
between single ﬁxation and reﬁxation cases. However, it
cannot account for the absence of a landing position
eﬀect on the amplitude of reﬁxation saccade. In addi-
tion, the frequency eﬀect on both ﬁrst ﬁxation duration
and reﬁxation probability does not ﬁt within the
framework of reﬁxations as rapid corrective saccades
due to a mislocation of the ﬁrst ﬁxation position.
Cognitive models of eye movement control during
reading suppose that the decision to reﬁxate depends
mainly on word processing that takes place during the
ﬁrst ﬁxation. The latest version of the E–Z Reader
model includes a labile reﬁxation program as a default
option for long words (Reichle et al., in press). While
such a mechanism does not explain why the ﬁrst saccade
landing position distributions are more leftward in re-
ﬁxation cases than in single ones, it accounts for the
frequency eﬀect on reﬁxation probability and ﬁxation
durations as well as for the fact that the ﬁrst ﬁxation is
shorter in reﬁxation cases than in single-ﬁxation cases.
Indeed, during the initial ﬁxation, the labile reﬁxation
program will be cancelled if early word processing
(familiarity check) is quick enough, and the word will be
read with a single ﬁxation. Otherwise, the reﬁxation
saccade will be executed and word processing will be
distributed across the two ﬁxations.
Overall, our results are in favour of a model that
combines aspects from both the oculomotor and cog-
nitive approaches, and can be summarized as three main
points.
First, an important proportion of reﬁxation saccades
are preplanned according to the length of the parafoveal
word. The analysis of the reﬁxation saccade metrics
shows that the reﬁxation saccade amplitude depends
only on the length of the parafoveal word, and neither
on the initial landing position, nor on its lexical prop-
erties. These ﬁndings go against the idea that the reﬁx-
ation saccade aims for a particular position within the
word, such as the optimal viewing position. Instead, the
reﬁxation saccade applies a preplanned motor vector of
ﬁxed amplitude. Thus, the preplanning of the reﬁxation
saccade provides a simple explanation of the diﬀerence
observed on the initial landing positions between single
ﬁxation and reﬁxation cases. Oculomotor models can
explain this eﬀect by assuming that the reﬁxation sac-cade is triggered because of the initial mislocated posi-
tion. However, in this case, we do not expect any
frequency eﬀect on the reﬁxation probability for initial
landing positions close to the beginning of the word as
the reﬁxation saccade is supposed to drive the gaze to a
better position on the word. Here, we obtained a fre-
quency eﬀect on the reﬁxation probability for each ini-
tial landing position. Alternatively, if the reﬁxation
saccade is planned during the ﬁrst ﬁxation due to
incomplete lexical processing, then there should be no
diﬀerence between the landing positions in words ﬁxated
once and those ﬁxated twice. Here, we have a clear
leftward shift of the initial landing positions in the re-
ﬁxation cases compared to single-ﬁxation cases. There-
fore, we think that the diﬀerence between initial landing
positions in one and two ﬁxation cases is the conse-
quence rather than the cause of the reﬁxation planning.
It is because a reﬁxation is preplanned that the initial
saccade lands closer to the beginning of the word (see
McDonald & Shillcock, in press, for a similar interpre-
tation).
Second, the preplanned reﬁxation hypothesis does
not imply that lexical factors do not come into play at
all. Indeed, word frequency eﬀects on decision of reﬁx-
ating were present in our results. However, instead of
assuming that processing diﬃculty during the ﬁrst ﬁxa-
tion triggers the planning of a reﬁxation, we argue that a
successful lexical processing can cancel a preplanned
reﬁxation saccade during the initial ﬁxation. Such an
interpretation explains the classic eﬀect of word fre-
quency, with the advantage of taking into account the
diﬀerence in landing sites. According to a preplanned
reﬁxation hypothesis, the major determinant in both the
decision and the computation of the reﬁxation saccade is
the length of the to-be-ﬁxated word. In such a frame-
work, word processing will play a minor role in oculo-
motor control as suggested by the modest eﬀect of
frequency on reﬁxation probability (around 10%). The
recent ideal-observer model Mr. Chips 2002 (Legge,
Hooven, Klitz, Mansﬁeld, & Tjan, 2002) proposes an
interesting interpretation of the reﬁxation saccades.
Whereas the model’s reﬁxation probability was inﬂu-
enced by word length and frequency, it made fewer re-
ﬁxations than humans. One explanation proposed by
the authors for this discrepancy is that Mr. Chips makes
wider use of lexical inference than humans, who may
prefer the faster and easier strategy of reﬁxating to a
time-consuming search through the mental lexicon on
the basis of partial lexical information. Our data seem
compatible with this explanation, and may go further by
suggesting that humans may adopt the strategy of pre-
planning reﬁxations into long words, in order to avoid
the use of costly inference processes. 2 The fact that
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(such as lexical inference) have time to operate during
the ﬁrst ﬁxation––as is more often the case in high-fre-
quency words––also support this interpretation.
Third, while it appears that in the majority of cases
(around 75%) reﬁxations are planned on the basis of
word length calculated parafoveally, some reﬁxation
saccades can be planned to correct an oculomotor error.
The latter can be characterized by brief initial ﬁxations
(less than 200 ms) generally close to the beginning of the
word followed by corrective saccades bringing the eyes
closer to the optimal ﬁxation position. In our experi-
ment, we found that the amplitude of the reﬁxation
saccade is shorter and no longer aﬀected by word length
when ﬁrst ﬁxation duration is less than 200 ms com-
pared with ﬁrst ﬁxation durations longer than 200 ms.
For these short durations, the reﬁxation saccade brings
the eyes closer to the center of the word. However, be-
cause there are multiple sources of variability in text
reading (e.g. sentence processing, launch sites,. . .), it
should be noted that the proportion of preplanned and
corrective reﬁxation saccades estimated by our study
may be diﬀerent in reading.
We propose that the great majority of reﬁxation
saccades are preplanned on the basis of word length
calculated parafoveally. However, even when the reﬁx-
ation saccade is speciﬁed prior to the initial ﬁxation, its
motor program remains labile and subject to modiﬁca-
tion or cancellation. Moreover, under certain circum-
stances (e.g. processing diﬃculties, mislocated landing
position due to oculomotor errors), reﬁxation saccades
could be planned during the ﬁrst ﬁxation on a word.
While the hypothesis of preplanned saccade sequences in
reading is ecologically attractive, further investigation is
needed to assess the ability of the oculomotor system to
update the motor plan on the basis of word and sentence
processing.References
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